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Chavko  M,  Braisted  JC,  Harabin  AL.  Attenuation  of  brain  hyperbaric  oxygen  toxicity  by  fasting  is  not  related  to  ketosis. 
Undersea  Hyper  Med  1999;  26{2):99-103.— The  effect  of  24  h  of  fasting  and  changes  in  blood  glucose  and  P-hydroxybutyrate 
(BHB)  level  on  latency  to  seizures  in  hyperbaric  oxygen  (HBO2)  was  studied.  Conscious,  unrestrained  rats  implanted  with 
cortical  electroencephalogram  electrodes  were  exposed  to  0.5  MPa  (gauge  pressure)  Oj  until  seizures  were  observed.  Fasting 
for  24  h  significantly  (P<  0.01)  decreased  blood  glucose  (from  8.6  ±  0.9  in  fed  to  6.9  ±  0.7  mA/in  the  fasted  group),  increased 
blood  BHB  (0.07  ±  0.02  mA/to  0.38  ±  0. 10  mM,  respectively),  and  prolonged  the  latency  to  seizures  compared  with  normally 
fed  animals  (21 .0  ±  9.8  vs.  34.6  ±  17.7  min,  P  <  0.05).  Injection  of  the  ketone  precursor  1 3-butanediol  (BD)  to  the  fed  animals 
increased  Wood  BHB  level  to  0.72  ±  0.32;  however,  seizure  latency  remained  the  same  as  in  fed  animals.  Restoration  of  blood 
glucose  in  fiisted  animals  to  the  same  level  as  in  the  fed  group  did  not  reverse  the  protection  achieved  by  first;  instead  it  increased 
the  latency  to  seizures.  The  results  indicate  that  the  protection  against  HBOj  seizures  by  fasting  in  short  starvation  is  not  related 
to  the  increase  in  eirculating  ketone  bodies  or  decrease  in  blood  glucose. 
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Hyperbaric  ojg^gen  (HBOj)  is  used  in  various  diving- 
relat^  situations,  as  well  as  in  the  treatment  of  carbon 
monoxide  intoxication  and  in  other  medical  situations  (1,2). 
However,  breathing  oxygen  at  high  partial  pressures  may 
result  in  the  manifestaticm  of  central  nervous  system  (C3vlS) 
toxicify,  including  seizures,  within  a  time  lag  inversely 
proportional  to  the  O2  partial  pressure.  These  complications 
inqxDse  m^or  limitaticxis  on  HBO2  use  in  hi^  pressure  or  for 
longer  e?qx)sutes,  or  both  (3).  The  development  of  pharmaco¬ 
logic  or  physiologic  interventions  to  deoease  the  risk  of 
seizures  and  increase  safety  would  therefcxe  be  beneficial, 
both  therapeutical^  and  operational^. 

Acute  fasting,  which  results  in  hypoglycemia  and 
ketosis,  provides  protection  fi-om  seizures  in  humans  and 
animals  (4-6).  A  ketog^c  diet,  which  is  high  in  fat  and  an 
alternative  to  starvation,  is  effective  against  some  experi¬ 
mental  seizures  in  animals  (7-9)  and  is  used  to  control 
intractable  seizures  in  children  (review  in  10).  Previous 
studies  also  show  that  moderate  fasting  increases  survival 
time  (1 1)  and  seizure  latency  (12)  in  HBO2  exposure.  Both 
fasting  and  the  ketogenic  diet  induce  an  increase  in  plasma 
ketone  bodies  [primarily  p-hydrojq^butyrate  (BHB)  and 
acetoacetate],  and  a  deoease  in  blood  glucose.  Most  likely, 
the  ketosis  is  the  variable  responsible  for  seizure  control 
(5).  The  mechanism  of  the  protection  remains  unknown 
(10).  Preferential  utilization  of  ketones,  rather  than  glucose 
for  brain  metabolic  function,  seems  fimdamental  in  the 


anticonvulsant  effect  of  a  l^genic  diet,  and  resumption  of 
a  normal  diet  r^idly  reverses  the  benefit  of  a  ketosis  (8). 

The  objective  of  this  study  was  to  determine  if  protec¬ 
tion  fi’om  HBO2  seizures  by  acute,  short  fasting  is  related 
to  the  ketosis  or  to  the  mild  hypoglycemia  resulting  fi-om 
this  treatment,  or  to  both.  For  this  purpose,  blood  glucose 
and  ketone  levels  were  manipulated  in  the  fed  and  fasted 
rats  by  injection  of  glucose  or  a  ketone  precursor,  1,3- 
butanediol  (BD),  and  the  latency  to  seizures  was  recorded. 

METHODS 

Animals  and  O2  exposures:  Rats  (male,  Sprague- 
Dawley,  pathogen-free,  360-460  g)  were  anesthetized  with 
ketamine  (100  mg  •  kg’’)  and  xylazine  (5  mg  •  kg"’),  and 
four  stainless  steel  electrodes  were  inserted  through  the 
skull  bilaterally  over  the  posterior  and  anterior  cortex.  A 
miniature  connector  was  joined  to  the  electrodes,  which 
were  secured  to  the  skull  with  dental  acrylic.  The  rats 
recovered  for  6-7  days.  Animal  weight  was  monitored 
daily.  On  the  morning  of  the  exposure,  unrestrained 
animals  were  placed  in  a  hyperbaric  chamber,  and  permit¬ 
ted  to  acclimate  for  several  minutes.  After  acclimation,  a 
baseline  electroencephalogram  (EEG)  was  recorded  for  5 
min  (Grass  Instrument,  QuincQ',  MA).  The  chamber  was 
then  compressed  to  0.5  MPa  (gauge  pressure)  with  O2  at 
0.1  MPa  •  min"'.  The  chamber  was  flushed  with  100%  O2 
for  1.5  min  to  raise  the  O2  level  to  >99%.  During  exposure. 
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inspired  COj  was  monitored  and  remained  below  0.01%. 
The  animal  and  the  EEG  were  monitored  throughout  the 
exposures  by  a  blinded  observer  unaware  of  the  animal’s 
treatment.  When  die  animal  developed  a  seizure,  the  cham¬ 
ber  was  decompressed  at  0.1  MPa  •  min  '. 

Treatments:  For  series  1  (non-injected  animals),  the 
animals  were  divided  into  two  groups.  Group  1  («  =  10) 
received  regular  rat  chow  and  tap  water  ad  libitum;  group 
2  («  =  10)  was  fasted  for  24  h  with  free  access  to  water 
before  exposure.  For  series  2  (drug-  or  saline-injected 
animals),  the  animals  w^e  divided  into  five  groups.  Groiq) 
1  (fed  +  saline,  n  =  12)  received  regular  chow  and  tap  water 
ad  libitum;  group  2  (fasted  +  saline,  n  =  14)  animals  were 
fasted  for  24  h  with  free  access  to  water;  group  3  (fed  + 
BD,  n  =  10)  animals  were  fed  and  injected  wi&  BD  (25 
toM  ■  kg'');  group  4  (fasted  +  BD,  n  =  6)  animals  were 
fasted  and  injected  with  BD  (25  xxM  •  kg'');  and  group  5 
(fasted + ^ucose,  n  =  14)  animals  were  fasted  for  24  h  and 
injected  with  normotonic  (277  mOsM)  5%  glucose  (5  rtM 
•  kg'*)  to  restore  plasma  glucose  to  fed  levels.  All  animals 
in  this  series  received  an  intraperitoneal  injection  of  saline, 
BD,  or  glucose  30  min  before  Oj  exposure. 

Blood  biochemical  analysis:  Blood  samples  were  taken 
from  the  tail  vein  before  and  30  min  after  the  animals  were 
given  injections.  Plasma  was  separated  immediately  and 
frozen  for  later  analysis.  The  samples  were  deproteinized 
by  addition  of  1 M perdiloric  acid,  and  the  supernatant  was 
assayed  for  glucose  (13)  and  BHB  level  (14). 

Data  are  expressed  as  mean  ±  1  SD  and  were  analyzed 
using  analysis  of  variance  and  the  Newman-Keuls  test. 

RESULTS 

The  EEG  seizure  that  terminated  exposure  typically 
lasted  about  1  min.  It  consisted  of  high-amplitude,  high- 
frequency  spikes,  followed  by  depressed  EEG  and  then 
transformation  to  polyspikes  and  wave  formation.  The 
animals  usually  exhibited  clonic-tonic  movements  of  the 
head  and  upper  body  during  the  EEG  seizure. 

Animals  in  all  fasted  groups  lost  approximately  6%  of 
their  pre-fast  bo<fy  weight,  whereas  controls  maintained  or 
slightly  increased  body  weight  during  the  24-h  period 
prece(hng  the  Oj  exposure  (Table  1). 

In  series  1  (non-injected  animals),  a  24-h  fast  signifi- 
cantfy  (P  =  0.01)  increased  latency  to  seizures  from  16.6  ± 
5.7  to  26.9  ±  1 1.4  min.  In  series  2,  fasting  resulted  in  about 
the  same  increase  in  latoicy  to  seizure  as  observed  in  series 
1  (Fig.  1).  One  saline-injected  animal  had  an  unusually 
long  latency  of  82  min  and  was  not  included  in  the  statis¬ 
tics.  This  latency  is  about  eight  standard  deviations  from 
the  mean  latency  of  saline-injected  animals  (21.0  ±  9.8 
min)  and  was  determined  to  be  an  outlier.  Inclusion  of  this 


animal  caused  an  increase  in  group  variabiUty  sufficient  to 
abolish  the  significance  in  seizure  latency  in  group  2. 

Injection  of  BD  to  the  fed  animals  had  no  effect  on 
seizure  latency  compared  with  saline-injected  animals  (Fig. 
1).  BD  injected  to  the  fasted  animals  eliminated  the 
protection  of  fasting.  On  tiie  other  hand,  controlled  glucose 
administration  to  the  fasted  animals  further  increased  the 
latent  time  to  seizure  (Fig.  1). 

Biochemical  variables:  During  the  24-h  fasting  pericxl, 
reciprocal  changes  in  blcxxl  glucose  and  BHB  concentra¬ 
tions  were  found  (Table  1).  The  blcxxl  glucose  concentra¬ 
tion  fell  and  cUffered  significantly  (P  <  0.01)  from  the  fed 
control,  whereas  the  blcxxl  BHB  concentration  rose  and 
also  differed  significantly  (P  <  0.01)  from  the  control 
levels.  A  significant  increase  (P  <  0.01)  in  plasma  BHB 
levels  resulted  from  BD  injection  (Table  1).  Animals  that 
were  fasted  and  injected  with  glucose  had  their  glucose 
restored  to  levels  indistinguishable  from  the  fed  group,  and 
significantly  increased  vs.  the  fasted  group  while  their  BHB 
concentration  was  not  changed  from  the  fasted  group 
(Table  1). 

DISCUSSION 

This  study  shows  that  a  short-term,  24-h  fast  signifi¬ 
cantly  increases  latency  to  HBOj-induced  seizures.  This  is 
in  acccxd  with  the  anticonvulsant  effect  of  fasting  in  human 
^ilep^  (4)  and  in  e^qperim^tal  seizures  induced  by  sound 
(6)  or  electFoshcx;k  (5).  Recently,  Bitterman  et  al.  (12) 
reported  a  significant  delay  in  seizure  latency  during 
exposure  to  5  atm  after  a  36-h  fast,  and  a  slight  but  non¬ 
significant  increase  after  24  h  of  starvation. 

It  is  presumed  that  the  anticx>nvulsant  effect  of  both  a 
ketogenic  diet  and  fasting  is  related  to  the  ketosis,  and  a 
shift  in  brain  metabolism  to  the  use  of  ketones  instead  of 
glucose.  Experimental  data,  however,  do  not  fiilly  support 
a  direct  relationship  between  ketone  level  and  anticonvul¬ 
sant  effect,  and  the  precise  mechanism  by  which  ketosis 
protects  against  seizures  remains  to  be  identified  (10). 

Our  data  show  that  24  h  of  fasting  significantly  in¬ 
creased  blcxxl  BHB  and  decreased  glucose.  It  should  be 
considaed,  therefore,  whether  the  ketosis  or  the  decreased 
plasma  glucose  level  is  responsible  for  the  delay  in  seizure 
latency  demonstrated  in  fasted  animals.  If  ketosis  were  the 
basis  for  the  effect  of  fasting,  infusion  of  ketones  would 
provide  protection  to  normally  fed  animals.  For  induction 
of  ketosis,  we  have  used  i.p.  injection  of  BD,  a  synthetic 
ethanol  dimer,  which  is  metabolized  in  the  liver  to  BHB 
and  acetoacetate  (15).  It  has  been  shown  fiiat  BD  induces 
cerebral  protection  in  mcxlels  of  hypoxia  and  ischemia 
(16,17),  probably  by  elevating  blcxxl  ketones,  which  can  be 
used  as  an  alternate  substrate  instead  of  glucxise  for  brain 
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Table  1:  Changes  in  Body  Weight,  Blood  Glucose,  and  BHB  Levels  in  Saline  and  Drug-Treated  Animals* 


Treatment 

A  Body  Weight,  g 

Glucose,  toM 

BHB,  mM 

Before  Injection 

After  Injection 

Before  Injection 

After  Injection 

Fed  +  saline 

1.0  ±0.7 

7.73  ±0.85 

8.63  ±0.93 

0.06  ±0.02 

0.07  ±0.02 

Fast  +  saline 

-25.0  ±4.4* 

5.97  ±0.82^ 

6.91  ±0.71" 

0.41  ±0.11" 

0.38  ±0.10" 

Fed  +  BD 

3.0  ±2.5 

ND 

8.50  ±1.31“' 

ND 

0.72  ±0.32"' 

Fast  +  BD 

-27.0±5.3‘ 

6.28  ±  0.75" 

7.41  ±0.75 

0.40  ±0.11" 

0.88  ±0.11**' 

Fast  +  glucose 

-27.0  ±  5.3* 

5.94  ±0.81" 

8.27  ±1.23*' 

0.40  ±0.10" 

0.35  ±0.10' 

“Values  are  mean  ±  sd;  ND  =  not  determined.  <  0.01  vs.  fed  +  saline  and  fed  +  BD  groups;  <  0.01  vs.  fed 
+  saline  group;  <  0.01  vs.  fast  +  saline  group  (Newman-Keuls  test). 


FIG.  1 — Seizure  latency  (±sd)  in  the  saline-  and  drug-treated  animals 
(series  2).  *P  <  0.05  compared  with  the  fed  and  saline  and  fed  and  BD 
group;  <  0.05  compared  with  all  other  groups  (Newman—  Keuls 
test). 

metabolisia  In  our  BD-treated  group,  BHB  blood  concen¬ 
tration  was  0.72  ±  0.32  mM,  which  is  ahnost  twice  that 
after  a  24-h  fast.  However,  this  increase  did  not  change 
seizure  latency  conqiared  with  saline-injected  controls.  The 
data  therefore  refute  an  assumption  that  fasting  provides 
protection  against  HBO2  seizures  solely  by  elevating  blood 
ketone  level. 

On  the  other  hand,  it  seemed  reasonable  that  ketosis  mi^t 
be  effective  in  cmnbination  with  some  oth^  factor(s)  also 
activated  by  &sting.  For  this  reason,  BD  was  also  adminis- 
toedto  the  groiq)  of  animals  after  a  24-h  fast.  This  treatment, 
like  BD  administration  to  the  fed  animals,  had  no  significant 
effect  of  seizure  latracy  conq}ared  widi  saline-injected 
animals.  In  fact,  injecting  BD  into  fasting  animals  seems  to 
eliminate  die  protective  effect  of  starvation  observed  with  a 
24-h  &st.  This  finding  is  consistent  with  the  observation  that 
BD-treated  rats  d^onstrated  post-ischemic  seizures  earlier 
than  saline-treated  animals  (18). 

The  second  set  of  experiments  was  focused  on  the  role 
of  decreased  blood  glucose  observed  after  fasting.  It  has 
been  shown  that  the  anticonvulsant  effect  of  the  ketogenic 
diet  against  seizures  can  be  reversed  quickly  with  resump¬ 
tion  of  a  normal  diet  both  in  mice  and  in  humans  (8,19). 


Ketosis  does  not  seem  to  affect  the  relation  between 
glucose  phosphorylation  and  O2  consumption  in  awake, 
resting  rats;  however  it  is  not  known  if  this  relationship  is 
maintained  when  glucose  utilization  is  stimulated.  Torbati 
et  al.  (20)  have  demonstrated  that  glucose  utilization 
increases  during  exposure  to  5  atm  O2  long  before  seizures. 
It  can  therefore  be  supposed  that  ketones  might  contribute 
more  significantly  to  the  higher  energy  demands  when 
metabolism  is  stimulated.  In  that  case,  glucose  supplemen¬ 
tation  should  reverse  the  protective  effect  of  increased 
ketones.  Therefore,  in  one  group  of  animals  we  adminis¬ 
tered  glucose  to  fasted  animals  to  reach  exactly  the  same 
levels  as  in  the  fed  animals.  This  manipulation  did  not 
revCTse  the  effect  of  starvation,  instead  seizure  latency  was 
even  longer  than  seen  after  a  24-h  fast.  This  finding  seems 
to  correlate  with  the  observation  that  the  injection  of 
glucose  in  normally  fed  rats  induced  protection  against 
HBO2  seizures,  whereas  insulin  aggravated  HBO2  brain 
toxicity  (21).  The  absence  of  an  effect  of  BD  animals  on 
seizure  latency  in  both  saline-injected  and  fasted  does  not 
support  the  idea  that  starvation  protects  against  HBO2 
seizures  via  a  metabolic  shift  in  the  brain  to  utilize  ketones 
instead  of  glucose. 

Protection  against  free  radical  damage  in  lipid  and 
proteins  might  explain  how  the  fast  increases  tolerance  to 
HBO2.  One  study  demonstrated  that  an  overnight  food 
restriction  was  sufficient  to  decrease  ethane  production  (an 
index  of  lipid  peroxidation)  during  exposure  to  100%  O2, 
although  there  was  no  effect  during  air  exposure  (22). 

It  has  been  demonstrated  that  food  deprivation  affects 
expiessicHi  of  many  genes,  which  can  also  be  related  to  the 
deljty  in  seizure  latency  in  HBO2  exposure.  For  instance,  a 
48-h  fast  significantly  reduced  nitric  oxide  synthase  (NOS) 
transcription  in  the  rat  hypothalamus  (23^  Whether  this 
regionally  specific  decrease  in  NOS  is  related  to  the 
protection  against  O2  seizures  is  not  known.  However, 
systemic  administration  of  NOS  inhibitors  that  depress 
NOS  activity  in  the  whole  brain,  significantly  increased 
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latency  to  seizures  in  rats  (24,25).  Nitric  oxide  may 
influence  seizure  latency  in  HBO2  exposures  in  several 
ways:  by  oxidative  damage,  through  formation  of  peroxy- 
nitrite  and  hydroxyl  radicals  (26),  or  by  its  potent  vaso- 
dilatory  effect  (25).  It  would  be  interesting  to  know  how 
changes  in  NOS  activity  in  specific  brain  regions  will  affect 
sensitivity  to  HBO2.  A  further  possibility  is  that  the  pro¬ 
tection  against  HBO2  toxicity  is  secondary  to  the  fasting- 
induced  changes  in  the  hypothalamo-pituitary  adrenal  axis 
(27).  It  has  been  reported  that  exposure  of  normal  rats  to 
HBO2  results  in  an  activation  of  the  sympathetic  adreno- 
medullary  system  indicated  by  a  progressively  elevated 
blood  adrenaline,  noradrenaline  (28),  and  glucose  concen¬ 
tration  (29).  This  activation  seems  to  attenuate  HBO2  brain 
toxicity,  as  adrenalectomy  (30)  and  beta  adrenergic  block¬ 
ers  (31)  delay  time  to  seizures.  Food  deprivation  might 
protect  by  the  same  mechanism  as  it  suppresses  stress- 
induced  rise  in  catabolic  hormones  (32). 

Our  results  confirm  a  recent  report  that  mild  starvation 
protects  against  seizures  induced  by  HBO2  exposures. 
Apparently,  this  effect  cannot  be  explained  by  ketosis  or 
decreased  blood  glucose  levels,  which  are  changed  in  oppo¬ 
site  w^s  during  the  fast.  Other  factors,  such  as  a  decrease 
in  oxidative  damage  by  fasting,  may  provide  an  alternative 
for  this  protection.  Whatever  the  mechanism  of  protection 
against  HBO2  seizures  by  food  deprivation,  it  might  be 
useful  in  increasing  protection  against  CNS  O2  toxicity  in 
common  situations  such  as  diving  or  HBO2  therapy. 
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